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Abstract 

Context. R Coronae Borealis stars (RCB) are a rare type of evolved carbon-rich supergiant stars that are increasingly thought to result 
from the merger of two white dwarfs, called the Double degenerate scenario. This scenario is also studied as a source, at higher mass, 
of type la Supernovae (Snla) explosions. Therefore a better understanding of RCBs composition would help to constrain simulations 
of such events. 

Aims. We searched for and studied RCB stars in the EROS Magellanic Clouds database. We also extended our research to DY Per 
type stars (DYPers) that are expected to be cooler RCBs (T~3500 K) and much more numerous than their hotter counterparts. With 
the aim of studying possible evolutionary connections between RCBs and DYPers, and also ordinary carbon stars, we compared their 
publically available broad band photometry in the optical, near, and mid-infrared. 

Methods. The light curves of ~70 millions stars, monitored for 6.7 years (from July 1996 to February 2003), have been analysed to 
search for the main signature of RCBs and DYPers: a large (up to 9 mags) drop in luminosity. Carbon stars with fading episodes were 
also found by inspecting numerous light curves of objects that presented an infrared excess in the 2MASS and Spitzer- SAGE and 
S 3 MC databases. Follow-up optical spectroscopy was used to confirm each photometric candidate found. 

Results. We have discovered and confirmed 6 new Magellanic Cloud RCB stars and 7 new DYPers, but also listed new candidates: 3 
RCBs and 14 DYPers. Optical and infrared colour magnitude diagrams that give new insights into these two sets of stars are discussed. 
We estimated a range of Magellanic RCB shell temperatures between 360 and 600 K. 

Conclusions. We confirm the wide range of absolute luminosity known for RCB stars, My ~-5.2 to -2.6. Our study further shows 
that mid-infrared surveys are ideal to search for RCB stars, since they have thinner and cooler circumstellar shells than classical post- 
AGB stars. In addition, by increasing the number of known DYPers by ~400%, we have been able to shed light on the similarities 
in the spectral energy distribution between DYPers and ordinary carbon stars. We also observed that DYPer circumstellar shells are 
fainter and hotter than those of RCBs. This suggests that DYPers may simply be ordinary carbon stars with ejection events, but more 
abundance analysis is necessary to give a status on a possible evolutionnary connexion between RCBs and DYPers. 
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1. Introduction 

R Coronae Borealis (RCB) stars are hydrogen-deficient and 
carbon-rich supergiant stars. They are known to undergo un- 
predictable fast declines in brightness, up to 9 magnitudes in 
the visible, as their cores are shadowed by newly formed dust 
clouds along the line of sight. The prototype RCB star, R CrB, 
has shown such declines over the last -200 years. The dust 
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clouds, made of amorphous carbon, are thought to be formed 
near the stellar atmosphere and accelerated away by radiation 
pressure. The composition of RCB atmospheres, being -98% 
helium and ~ 1 % carbon, indicates that they are currently pass- 
ing through a late stage of stellar evolution. A detailed re - 
view of their characteristics has been written by lClaytonl (Il996l) . 
RCB sta rs are also rare: only 51 have been discovered in our 
Galaxy (iTisserand et al.l 120081 and references therein), includ- 
ing 9 that are likely locat ed inside the Galac tic Bulge, 17 in the 
Large Magellanic Cloud (lAlcock et all2Q01h . and 5 in the Small 
Magellanic Cloud (iTisserand et al.l 12004 ). This rarity suggests 
that RCBs may correspond to a brief phase of stellar evolution 
or an uncommon evolutionary path. 

Two major evolutionary scenarios have been suggested to 
explain their origin: the Double Degenerate (D P) scenario and 
the final Heli um Shell Flash (FF) scenario (llben et a l. 1996; 
Renzini 1990). The DD model involves the merger of a CO- and 
a He- white dwarfs. It was recently strongly supported by two 
observations: an 18 O over- abundance in seven H-deficient car- 
bon and cool RCB s tars, that is not expected in the FF model 
dClayton et al]|2007bh : and the large abundances of fluorine in 
the hotter RCBs' atmospheres (Pandey et al. 2008). Such a sce- 
nario for RCB stars would not only help to constrai n simulations 
of low mass Double D egenerate merging events dFryer & D iehl 
2008; DieM 

et al.ll2008l) . but their birthrates would also help us 
to understand better the rates of mergers for objects that could be 
supe rnovae type la progenitors ( Webbink 1984; Be lczynski et al.l 
12005b . The FF model involves the expansion of a star, on the 
verge of becoming a white dwarf, to supergiant size. This out- 
burst phenomenon has already been observed in three stars 
(Sakurai's object, V605 Aql and FG Sge), which transformed 
themselves into cool g iant stars with spectral properties similar 
to those of RCB stars dClavton & De Marcoll997l:l Asplund et al.l 
ll999UGonzalez et al.lll998h . However. IClavton et al.l (12006b note 
that differences between FF star and RCB star light curve varia- 
tions and abundance patterns (such as the 12 C/ 13 C ratio) indicate 
that the former are unlikely to be the evolutionary precursors of 
the majority of the latter. Furthermore, we also stress these two 
peculiarities : V605 Aql, which formed dust in 1921, has been 
in a deep decline e ver since - it even evo lved back to being a hot 
(~ 95000 K) star - dClayton et al.ll2006l) . and the duration of the 
interval containing fading events observed in Sakurai's object is 
much shorter than the phase observed in R CrB (> 200 yrs). 

The systematic monitoring of millions of stars and the ad- 
vanced light curve analysis techniques of microlensing surveys 
make these surveys ideal for discovering such rare variable stars. 
The MACHO and EROS-2 collaborations have thus discovered 
half of the known sample of RCB stars dA lcock et al. 200 1 ; 
Tisseran d et al.l 120041: IZaniewski et al. 2005; Tisserand et al.l 



2008)). Note also that the OGLE-3 collaboration presents a useful 



real- time monitoring of known RCBs o n their web site (Udalski 
120081) . Further su rveys such as VISTA dMcPherson et al .1120041). 
Sky Mapper (Keller et al. 2007) and LSST will generate an in- 
crease of the sample thanks to the important time- series mea- 
surements that are expected to be produced. A better understand- 
ing of the spatial distribution of RCBs will thus be possible as 
well as better constraints on their age. 

This article is the third of the series that describe searches for 
RCB stars in the EROS-2 (Expe rience de Recherche d ' Ob jet s 
Sombres) database. The first two. ITisserand et al] (l2004l 120081) . 
are hereafter related to as T04 and T08. We report here an anal- 
ysis of the Magellanic EROS-2 database, which uses the same 
technique as that applied in T08. We looked for the main signa- 
ture of RCB stars, some consequent, irregular and rapid fades. It 



is important to increase the number of known Magellanic RCB 
stars, as they enable a good determination of their absolute mag- 
nitude range. 

DY Per type stars are thought to be a sub-class of RCBs, 
the coolest ones (T -3500 K ). Only 8 example s are cur- 
rently known: 4 in the LM C (lAlcock et al.l 120011) . 2 in the 
SMC (Tisserand et al. 2004), and 2 others in our Galaxy 
(Tisserand et al.l 120081). including the prototype DY Persei 
( Alksnis & Jumike 1990). They are recognised among typical 
RCB stars by their slower declines in brightness an d symmet- 
ric r ecoveries. A recent analysis of DY Persei by IZacs et all 
(2007) suggests a significant hydrogen deficiency and high car- 
bon abundance, compared to classic known carbon stars, but 
do es not confirm a si gnificant enhancement of 13 C as found 
by lAlcock et all (12001) in the atmosp here of 4 LMC DY Per- 
like stars. As stated in Zacs et al. (2007), the coolest RCB stars 
should be much more numerous than the warmest RCBs, and 
more observations and analysis need to be done as it is not clear 
whether the DYPer st ars are related to eit her RCB stars or more 
classical carbon stars (lAlcock et al.l l2001). 

This article reports on the discovery of 6 new Magellanic 
RCB and 7 new DYPer stars and discusses their optical, in- 
frared and mid-infrared properties. Some new candidates are 
also listed: 3 RCBs and 14 DYPers. The photometric and spec- 
troscopic data used are presented in Section [2 A discussion of 
the previously known RCB stars in and near the area monitored 
by EROS-2 is given in Section^ The detection techniques, light 
curve analysies and catalogue mining are presented in Section^ 
The general characteristics of the newly discovered RCBs are 
discussed in Section [51 



2. Observational data 

The EROS-2 project used the 1 -metre MARLY telescope at ESO 
La Silla Observatory, Chile. The primary purpose of the pr oject 
was to search for microlensing events (Paczvnski 1986) due 
to baryonic dark matter in the halo (Tisserand et al. 200 7]) or 
to ordinary stars i n the Galactic plane (Hamadac he et al.l l2006: 
Rahal et al. 2009). The observations were performed between 
July 1996 and February 2003 with two wide-field cameras (0.69° 
in right ascension x 1.38° in declination, thus a sky area of 
-0.95 deg 2 ) behind a dichroic cube splitting the light beam into 
two broad passbands. The so-called "blue" channel (420-720 
nm, hereafter magnitudes Be) overlapped the V and R standard 
bands, while the "red" channel (620-920 nm, hereafter magni- 
tudes Re) roughly matched the mean wavelength of the Cousins 
/ band. Each camera had a mosaic of eight 2048 x 2048 CCDs 
with a pixel size of 0.6" on the sky. 

The photometric calibrat ion was obtained by matching our 
star catalogues with those of IZaritsky et al.l (120021) for the SMC 
and IZaritskv et al.l (12004 for the LMC. To a precision of 0.1 
mag, we found the following transformations with the standard 
V Johnson and I Cousins broadband: 



R E = /, B E = V - 0.4(V - /). 



(1) 



The calibration has been refined for each individual field and 
CCD, with special care applied to the LMC central area. The 
Magellanic fields are designated "ooxxxqq", where "oo" is the 
object (lm or sm), "xxx" the field number (001 to 088 for the 
LMC and 001 to 010 for the SMC), and "qq" the CCD quadrant. 
The sly areas covered by these fields are -84 (~9) deg 2 for the 
LMC (SMC). They are represented on Figure[2l The photometry 
of individual images and the reconstruction of the light curves 
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were processed using the PEIDA packa ge which w as specifically 
developed for the EROS experiment ( Ansari 1996b. 

The template images were formed with 15 good seeing co- 
added images. They were used to detect sources and then form 
the initial object catalogue. The exposure time ranged from 180 
to 900 seconds. More detail ed information on the Magellanic 
EROS-2 data can be found in lTisserand et al.1 (120071) . 

Spectroscopy of RCB candidate s was performed w ith 
the Dual-Beam Spectrograph (DBS) dRodgers et al.l Il988h at- 
tached to the ANTjQ 2.3m diameter telescope at Siding Spring 
Observatory. The DBS is a general purpose optical spectrograph, 
permanently mounted at the Nasmyth A focus. The visible wave- 
band is split by a dichroic at around 600 nm and feeds two es- 
sentially similar spectrographs, with red and blue optimised de- 
tectors. The full slit length is 6.7 arcmin. Observations are pre- 
sented, with a 2-pixel resolution of 2 A. They were all obtained 
in 2008; individual epochs are listed in Table (2j 



3. Previously known RCB stars 

Table [T] reviews the EROS-2 status of the 22 confirmed 
Magellanic RCB and DYPer stars (17 in the LMC 
(lAlcock et al.1 l200lh and 5 in the SMC0 dTisserand et al.1 
2004)) as well as 5 RC B candidates selec ted either 
from their optical spectra (Mor gan et al.l l2003lPI or their 
mid-infrared f eature less spectra dKraemer et al.l [2005; 
iBuchanan etafl 12006ft . The EROS-2 light curves of all 
these objects, if catalogued, are available at the following URL: 
http : //eros . in2p3 . f r/Variables/RCB/RCB-LMC . html 

We catalogued and obtained photometric time-series for 16 
of the 17 confirmed LMC RCB and DYPer stars presented by 
I Alcock et all (l200lft : only HV 12842, located in the extreme 
north part of the LMC (outside our fields) is missing. Large de- 
clines are observed during the 6.7 years of our monitoring in 1 1 
cases. 

Of the 5 RCB candidates, only one, namely MSX-SMC-014, 
was not catalogued being too faint on our reference image. We 
also did not find any brightness variation during the 6.7 years 
EROS-2 observations with a careful inspection of all available 
images, but we note that for the first time its light c urve is avail- 
able, thanks to the OGLE-3 work (IUdalskill2008b . Two of the 
other four candidates, KDM 2373 and KDM 7101, will be dis- 
cussed further in Section[5]as they are considered as new EROS- 
2 Magellanic RCB stars. Of the remaining two, MSX-LMC- 
775 's light curve has large oscillations in brightness, but not fast 
fading typical of RCB stars. We estimate a colour V — I -1.3. 
KDM 5651 shows oscillations and two small symmetric drops 
of -0.3 mag (its MACHO light curve presents another drop of 
~0.5 mag at about JD-2450220 and no fading phase is observed 
in its OGLE-3 light curve). KDM 5651 is a good RCB candi- 
date; in Section [531 we compare its mid-infrared properties with 
other RCB and DYPer stars. 



1 Australian National University 

2 Note that we have renamed these 5 stars to correspond to the new 
EROS-2 RCBs and DYPers designation, as in T08 and this article 

3 We have not listed i n Table □ the RCB candidates RAW 21 and 
KDM 2492 presented by Morga n et al.l d2003h as they are already con- 
firmed RCB st ars, namely EROS2-SMC-RCB-1 dTisserand et al 12004ft 
and HV 5637 dFeastll 1972ft . 



4. Mining the EROS database 

As in T08, we used an extende d version of th e ERO S -2 
Magellanic catalogue produced by [Tisserand et al.l (120071) for 
the microlensing analysis. The new catalogue has grown in ob- 
jects detected in only one filter, but has also been enriched with 
objects whose light curves are affected by diverse optical and 
electronic artefacts. About 62 (8) million different objects have 
then been catalogued and analysed in the LMC (SMC). We used 
two different strategies to search for RCB or DYPer stars in the 
EROS-2 database. In both cases, we searched for the main sig- 
nature, a rapid drop in luminosity of ~2 to 8 mag, but also paid 
attention to smaller declines. 

The first and main technique is based on a series of selection 
cuts applied to each light curve, both filters being considered 
separately, to select variations larger than 2.5 mag and to reject 
variable stars. The analysis and its detection efficiency are as 
described in T08 and will not be discussed further here. 13 new 
RCB candidates were selected for spectroscopy follow-up with 
this technique. We note that 10 (5) of the 16 (5) known LMC 
(SMC) RCB stars located in our fields were detected. The missed 
ones simply did not show large enough variations. All 13 stars 
were considered as strong RCB or DYPer candidates. 

The second strategy is a visual inspection of the light 
curves of all EROS-2 objects that matched at least one of the 
three following crite ria: (a) catalogued as a car bon star, using 
iKontizas et al.l (1200 ll) catalogue for the LMC andlRebeirot et al.l 
dl993|), [Morgan & Ha tzidimitrioul (Il995ft . ISkiffl (120071) cata- 
logues fo r the SMC; (b) has a h igh infrared excess in the 2MASS 
database (iSkrutskie et al 120061) and a correlation factor between 
the red and blue light curves higher than 0.5; or (c) has a mid- 
infrared emission characteristic of a du st shell, thanks to the pub- 
lic Spitzer-SAGE data for the LMC (Meixner et al. 200J) and 
the Spitzer-S 3 MC data for the SMC (Bolatto et alTl2007h . The 
selection limits in the 2MASS (J-H, H-K plane) and the Spitzer 
([8.0], [3.6]-[8.0] plane) database are presented in FigurelU We 
note also that the MACHO light curves were used, if available, 
to study and reject selected interesting candidates. 

This last analysis is deployed to find possible candidates 
missed by the first technique but also to recover stars that would 
present smaller declines but with a shape characteristic of RCBs 
or DYPers. These stars, if confirmed as carbon stars, would then 
help us to carry out more follow-up studies on a possible evo- 
lutionary connection between RCBs, DYPers and more ordinary 
carbon stars presenting fading events. We inspected 5882, 1157 
and 7064 light curves selected respectively by criteria (a), (b) 
and (c) and kept 8, 2 and 13 candidates for spectroscopy follow- 
up. Among these new 23 candidates, only two were considered 
as strong DYPer candidates (EROS2-LMC-DYPer-4 and -5), the 
others (mostly DYPer type) show small non-periodic declines 
(lower than 2.0 mag) but with a shape that reminds us of RCB or 
DYPer stars. 

Finally, we note that we have also analysed the 8 million 
light curves from the EROS-1 LMC database (27 deg 2 mon- 
itored from 1990 to 1994 with photographic plates, and digi- 
tised). Unfortunately, we did not find any new RCB or DYPer 
stars, but obtained light curves of 12 known LMC RCB or DYPer 
stars. The EROS-1 measurements are also available at the URL 
mentioned in Section^ 

4.1. Spectroscopic selection 

If a well-sampled light curve is available, identification with the 
RCB class can be made with fairly high confidence because of 



P. Tisserand et al. (EROS coll.): new Magellanic R Coronae Borealis stars from EROS-2 



Table 1: Known confirmed and candidate Magellanic RCB stars located in the EROS-2 fields; coordinates from 2MASS 



Star name 



EROS-2 star 
identifier 



Coordinates (/2000) 
from 2MASS 



Other identifier 



Large decline 
seen by EROS-2? 



Confirmed RCB 
or DYPer stars 



HV 5637 a 


lm0181122619 


05:11:31.37 


-67:55:50.6 


KDM 2492 
MACHO-20.5036.12 


no 


WMen fl 


Im0584k5872 


05:26:24.52 


-71:11:11.8 


MACHO-21. 7407.7 


yes 


HV 12842 a 




05:45:02.87 


-64:24:22.8 






MACHO- 11.8632.2507* 


Im0027ml9359 


05:33:48.94 


-70:13:23.4 


HV 2671 


yes 


MACHO-81.8394.1358* 


Im0025k33192 


05:32:13.36 


-69:55:57.8 




yes 


MACHO-6.6575.13 c 


Im0016k29468 


05:20:48.21 


-70:12:12.5 




yes, remained faint most of the time 


MACHO-6.6696.60 C 


Im0016ml0260 


05:21:47.98 


-70:09:56.9 


HV 942 


yes 


MACHO-12.10803.56 C 


Im0601kl8043 


05:46:47.74 


-70:38:13.5 




yes 


MACHO-16.5641.22 c 


lm0190120117 


05:14:46.20 


-67:55:47.4 


HV 2379 


yes 


MACHO-18.3325.148 c 


Im0111k3287 


05:01:00.36 


-69:03:43.2 


HV 12524 


no 


MACHO-79.5743.15 c 


Im0091kl9526 


05:15:51.79 


-69:10:08.6 




yes 


MACHU-oU.byjo.zU / 


ImUzUbll /JoU 




/ro.ro. ion 




yes 


MACHO-80.7559.28 C 


Im0011ml3457 


05:26:33.91 


-69:07:33.4 




yes 


MACHO-2.5871.1759 c 


Im0196m8601 


05:16:51.96 


-68:45:16.8 




no 


MACHO-10.3800.35 C 


lm0102112314 


05:03:44.65 


-69:38:11.7 




no 


MACHO- 15. 10675. 10 c 


lm0603129693 


05:46:13.27 


-71:07:40.4 




yes 


MACHO-78.6460.7 C 


Im0014k7770 


05:19:55.93 


-69:48:05.9 




no 


EROS2-SMC-RCB-l rf 


sm0102120592 


00:37:47.11 


-73:39:02.3 


RAW-21 


yes 


EROS2-SMC-RCB-2 J 


sm0014kll612 


00:48:22.96 


-73:41:04.7 


RAW-476 


yes 


EROS2-SMC-RCB-3 J 


sm0067m28134 


00:57:18.15 


-72:42:35.2 


MACHO-207. 16426. 1662 
MSX-SMC-155 


yes 


EROS2-SMC-DYPer-l J 


sm0077kll497 


00:44:07.50 


-72:44:16.4 


RAW-233 

MACHO-208. 1557 1.60 


yes 


EROS2-SMC-DYPer-2 d 


sm0106ml9412 


00:40:14.72 


-74:11:21.6 


[MH95]-431 


yes 



RCB candidates 



KDM 2373 e 
KDM 565 Y 

KDM 7101* 

MSX-SMC-014^ 

MSX-LMC-755* 



Im0105m6306 
Im0593m31181 

lm0745121924 

lm0213110369 



05:10:28.52 -69:47:04.4 
05:41:23.51 -70:58:01.7 



MACHO-15.9830.5 



06:04:05.46 -72 
00:46:16.33 -74 
05:32:56.18 -68 



51:22.8 

11:13.6 monitored by OGLE-3 
12:49.0 MACHO-8.8541.68 



a Feast (1972); Clayton (1996), b Alcock et al. (1996), c Alcock et al. (2001), d Tisserand et al. 
e Mor gan et al. (2003) . / Kraemer et al. (2005) . 8 Buchanan et al. (2006) 



Confirmed RCB in this article 
Oscillations and small 
~0.3 mag drops observed 
Confirmed RCB in this article 
Too faint to be catalogued 
Large oscillation observed 



the distinct nature of the RCB brightness drops. Of the 36 can- 
didates, only 5 showed one or multiple drops of more than 4 
magnitudes, therefore spectroscopic information was necessary. 

We obtained spectra for 32 of the 36 candidates, 4 being too 
faint, namely EROS2-LMC-RCB-6, -7, -8, and EROS2-SMC- 
RCB-4. We consider nevertheless that EROS2-LMC-RCB-6 
should be classified as a confirmed RCB star due to its multi- 
ple fast-fading phases that occurred during the EROS-2 obser- 
vations (see Figure O EROS2-LMC-RCB-6 was brighter than 
Re < 18 only 30% of the time). The last three will be listed only 
as RCB star candidates. Of the 32 spectra obtained, 26 present 
a spectrum with carbon features due to C2 and/or CN molecules 
(see Fig.Q]). We note that only 10 of these 26 stars were already 
listed in a carbon star catalogue. The 6 candidates rejected are 
listed in Tabled two are hot stars, included a Wolf-Rayet type, 
and three others present strong TiO features that indicate a pos- 
sible link with RV Tauri type stars. The remaining one, EROS2- 
lm023 1124809, is interestingly classified as a planetary nebulae 
(PN) in the SIMBAD database and we confirmed its classical 
oxygen rich PN type spectrum. Only a small drop of ~ 1 mag is 
visible in its EROS-2 light curve. 

Among all candidates tested, we confirm 6 new RCBs 
(EROS2-LMC-RCB-6 included) and 7 new DYPers and con- 
sider the 14 remaining carbon stars only as RCB or DYPer candi- 



dates, their fading amplitudes being too small (less than 2 mag). 
All new confirmed and candidate RCB or DYPer stars are listed 
in Table [2] A sample of the spectra is presented in Figure [T] 

We searched for the presence of the isotope 13 C in the atmo- 
sphere of the RCB and DYPer stars obs erved. We used the spec- 
tral atlas of carbon stars compiled by Barn baum et al.l ([l996) 
to identify isotopic C2 and CN bands, respectively at 6100 and 
6260 A and compared each spectrum to the one of MACHO- 
78.6460.7, a DYPe r star known to have no 13 C in its atmosphere 
(I Alcock et al.ll200ll) . The results are summarized in Table [?J We 
found no trace of 13 C in the atmospheres of the 5 RCB stars ob- 
served and a large range of abundances in those of DYPer stars, 
that we classified in three groups : none, weak and stron g pres- 
ence. This result confirms the one of I Alcock etaH d2001). which 
shows that DYPers, unlike RCBs, have a significant amount 
of 13 C in their atmosphere. Furthermore, we also confirm the 
presence of 13 C in the atmospheres of 2 known LMC DYPers 
: MACHO-2.587 1.1759 and MACHO-15. 10675. 10. An empiri- 
cal analysis of the strength of the Ca II triplet absorption lines 
confirms that all RCBs have stronger lines than confirmed and 
candid a te DY Pers. The intensity of these lines is, as shown by 
iRicherl (Il97ll) . a good indicator of carbon star temperature: the 
cooler the temperature, the weaker the lines. 
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Figure 1 : Optical spectra at 2 A resolution of 5 RCB (left) and 5 
DYPer (right) stars. 



We did not find any strong indication of a presence of hy- 
drogen in any of our spectra, except in the case of four DYPers, 
where Ha was found in weak emission : EROS2-SMC-DYPer-3, 
EROS2-LMC-DYPer-14, -6 and -15 in decreasing order of Ua 
strength. 



5. The new EROS-2 Magellanic RCB and DYPer 
stars 

We investigate in this section the optical, near-infrared and mid- 
infrared characteristics of the 13 newly confirmed and 17 can- 
didate RCB and DYPer stars listed in Table [2 Their spatial dis- 
tribution is shown in Figure [2 together with previously known 
ones. Note that LMC RCB stars are distributed preferentially 
along the LMC bar. Their light curves are presented in Figures [5] 
toOand their charts in Figures |7]and[U We note that a MACHO 
light curve is available for 20 of them, as mentioned in Table [2] 
EROS-2 measurements of all objects listed in this article are 
available at the URL indicated in Section [3] 

5.1. Colour Magnitude Diagram 

The maximum optical magnitudes, average fading rates and 
maximum drop amplitudes recorded during the EROS-2 ob- 
servations of the newly discovered RCBs and DYPers are pre- 
sented in Table We used the photometric calibration defined 
in Equation [T] We remark that the main differences in the classi- 



fications of RCB and DYPer stars are not only the shape of the 
drops observed, but also the rate of fading. There is a clear sepa- 
ration in the fading rates presented in Table [2 between RCB and 
DYPer stars, DYPer rates being slower by on average a factor of 
four (-0.01 compared to -0.04 mag. day -1 ). 

We present in Figure [3] the colour magnitude diagram My vs 
V - 1 of the known and newly discovered (confirmed and candi- 
date) Magellanic RCBs or DYPers. The magnitudes correspond 
to the average maximum magnitude found in each star's light 
curve. We used a distance modulus of 18.5 mag for the LMC and 
18.9 mag for the SMC. We also corrected the LMC and SMC 
magnitudes for the total reddening (Galactic foreground + in- 
trinsic dust), corresponding to an avera ge of E(B - V)lmc -0.17 
and A v lmc ~0-5 mag for the LMC (lAlcock et al J BOO lb . and 
E(B -V)smc -0.0 6 and Ay SM c -0.11 mag for the SMC 
(IZaritskv et al.ll2002h . 

RCB stars (plain symbols) in Figure [3] can be classified in 
three differ ent groups. With th e hot RCB star HV 267 1 being on 
its own (iDe Marco et al.l [2002b . we can separate the RCB stars 
hotter and cooler than T-4200 K (V - I -1.6). Below this tem- 
perature, we are not confident that the real maximum magnitude 
was observed during the EROS-2 observations. The maximum 
magnitude lasts only -50 days and a high fading activity was 
observed. 

We note that the three dashed lines indicated in Fig. [3] (A, B 
and C) are separated by only ~ 1 magnitude from each other con- 
sidering an extinction due to carbon dust. With a 1 mag correc- 
tion, the four RCBs close to line B would have temperatures and 
magnitudes corresponding to the 13 brightest common RCBs 
close to line A, for which we are confident of their maximum 
magnitude. The two remaining faintest RCBs, close to line C, 
are EROS2-SMC-RCB-3 and EROS2-LMC-RCB-6. The latter 
would also have a more common temperature and magnitude if 
we applied a 2 magnitude correction, but with such a correction 
EROS2-SMC-RCB-3 would still be considered as the coolest 
RCB (with V - I -2.3 and My ~ -2.6). 

Overall, we can affirm that we found a confident RCB ab- 
solute magnitude My range between ~ -5.2 and ~ -3.4. The 
fainter limit can be extended: if we suppose a reasonable carbon 
extinction correction of 2 magnitudes to EROS2-SMC-RCB-3 
(that would make it lies on line A), we find a conservative lower 
limit as faint as My inf 2.6. The DYPer (open symbols) abso- 
lute magnitude range is fainter: between 3 and 1.8. 

The distribution of classical LMC carbon stars from 
iKontizas et al.l (l200lb found in the EROS-2 database is also rep- 
resented on Figure [3] (solid line contours). Interestingly, we can 
clearly observe that the distributions of all confirmed and candi- 
date DYPer stars match very well the classical carbon star dis- 
tribution. We note that D YPer stars' spectra are similar to more 
classical N carbon stars dMorgan et al.ll2003l) . 



5.2. Near-infrared properties 

We list in Table HI the J, H and K magnitudes of the newly dis- 
covered RCBs and DYPers observed by the 2MASS project as 
well as by the DENIS collaboration, and indicate also the RCB 
star phases during each epoch. In a / - H versus H - K dia- 
gram (see Figure 0]), we note that most RCB stars have a near- 
IR excess with values distributed in a range between and 3 in 
both colours. This wide range simply represents the fact that the 
2MASS measurements, taken during the EROS-2 observations 
(i.e. when most newly discovered RCBs showed fading activ- 
ity), happen to occur during different phases of obscuration by 
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Table 2: General information on the new confirmed and candidate EROS-2 Magellanic RCB and DYPer stars. 



EROS-2 Magellanic 
RCB name 



EROS-2 star 
identifier 



Coordinates (/2000) 



Other identifier 



New confirmed RCB stars 



EROS2-LMC-RCB-P 2 
EROS2-LMC-RCB-2 52 
EROS2-LMC-RCB-3 5 1 
EROS2-LMC-RCB-4 56+57 
EROS2-LMC-RCB-5 5 1 
EROS2-LMC-RCB-6 



Im0094nl2459 

Im0105m6306 

Im0174k9881 

Im0720kll917 

lm0745121924 

Im0864ml6909 



05:14:40.17 -69:58:40.06 
05:10:28.50 -69:47:04.54 
04:59:35.78 -68:24:44.68 
05:39:36.97 -71:55:46.42 
06:04:05.42 -72:51:22.73 
06:12:10.48 -74:05:10.16 



[KDM2001]-2831 ; MACHO-5.5489.623 
[KDM2001]-2373 ; SP77-39-12* ; MACHO-5.4887.14 
[KDM2001]-1296 ; SP77-30-16 a 
MACHO-27.9574.93 
[KDM2001]-7101 ;SP77-65-2 a 



New confirmed DYPer stars 



-DYPer-P 2 
DYPer-2 51 
DYPer-3 51 
-DYPer-4 51 
DYPer-5 51 
DYPer-6 54 
DYPer-3 52 



EROS2- 
EROS2 
EROS2 
EROS2- 
EROS2 
EROS2 
EROS2- 



LMC 
LMC 
LMC 
LMC 
LMC 
LMC 
SMC 



ImOl 12116201 

Im0405ml0336 

Im0485nl0275 

Im0013n33996 

Im0730kl6380 

Im0020n28519 

sm0067m2668 



04:56:28.47 -69:39:12.57 
06:18:46.59 -67:00:59.59 
05:44:04.05 -65:46:00.84 
05:25:54.95 -69:43:54.03 
05:50:15.47 -71:57:39.66 
05:29:27.19 -69:22:32.61 
00:55:54.97 -72:35:12.27 



[KDM2001]-1033 ; MACHO- 17.2590.220 

[KDM2001]-7544 

[KDM2001]-5900 

MACHO-77.7429.64 ; OGLE2-LMC-SC4-450098 

[KDM2001]-6448 ; MACHO-5 1.1 1267.9 

MACHO-82.7918.2694 

RAW-96F ; OGLE2-SMC-SC7-368043 



New RCB candidates 

EROS2-LMC-RCB-7 Im0577nl9651 05:24:43.68 -71:47:26.40 MACHO-21.7156.850; MSX-428 rf 

EROS2-LMC-RCB-8 Im0675k8409 04:58:48.37 -72:37:43.37 MSX-184 J 

EROS2-SMC-RCB-4 sm0053n9475 01:04:52.89 -72:04:02.64 OGLE2-SMC SC10-107856 



New DYPer candidates 



EROS2 


-LMC-DYPer-7 M 


Im0456ml0958 


05: 


:19: 


:48 


.13 


-65: 


:58: 


:22. 


.55 


[KDM2001]-3340 ; MACHO-63.6396.1154 


EROS2 


-LMC-DYPer-8 51 


Im0593k30837 


05: 


:39: 


:00 


.21 


-70: 


:58: 


:01 


.25 


[KDM2001J-5419 ; MACHO- 14.9467.9 


EROS2 


-LMC-DYPer-9 5 1 


Im0121kl9954 


04: 


:52: 


:58 


.35 


-69: 


:10: 


:27. 


.42 


[KDM2001]-804 ; LMC-BM 5-9^ 


EROS2 


-LMC-DYPer-10 51 


Im0257n7946 


06: 


:05: 


:35 


.32 


-68: 


:54: 


:54, 


.05 


[KDM2001]-7151 


EROS2 


-LMC-DYPer-11 57 


Im0026nl0671 


05: 


:29: 


•22. 


.61 


-70: 


:19: 


:35. 


.65 


MACHO-7.7904.11 ; [KDM2001]-4359 


EROS2 


-LMC-DYPer-12 57 


Im0335m9403 


05: 


:29: 


:26 


.21 


-67: 


:00: 


:22, 


.64 


MACHO-60.7954.68 ; [KDM2001J-4370 


EROS2 


-LMC-DYPer-13 54 


Im0010k3834 


05: 


:20: 


■22. 


.92 


-69: 


:04: 


:43. 


.11 


MACHO-80.647 1.2523 


EROS2 


-LMC-DYPer-14 54 


Im0020k5163 


05: 


:27: 


■32. 


.33 


-69: 


:05: 


:35, 


.48 




EROS2 


-LMC-DYPer-15 55 


Im0022nl5676 


05: 


:30: 


A3 


.25 


-69: 


:38: 


:51 


.84 


MACHO-77.8156.16 ; BSDL2075 C 


EROS2 


-LMC-DYPer-16 54 


lm003418100 


05: 


:35: 


:15 


.49 


-69: 


:57: 


:43, 


.84 


MACHO-81.8877.24 


EROS2 


-LMC-DYPer-17 55 


Im0341m22605 


05: 


:35: 


:24. 


.08 


-66: 


:24: 


:15 


.17 


[KDM2001]-5039 


EROS2 


-SMC-DYPer-4 52 


sm0061m7643 


00: 


:56: 


:35, 


.47 


-71: 


:32: 


:32, 


.66 


[MH95]-672 


EROS2 


-SMC-DYPer-5 58 


sm001014971 


00: 


:47: 


:41 


.71 


-73: 


:06: 


:16 


.38 


MACHO-212. 15793.25 ; RAW-421 


EROS2 


-SMC-DYPer-6 58 


sm0101n8018 


00: 


:44: 


:56 


.40 


-73: 


:12: 


:25. 


.02 


MACHO-212.15621.153 



a Richer et al. (1979), ^Blanco & McCarthy (1990), c Bica et al. (1999), ^Esan et al. (2001), e Rebeirot et al. (1993) 

Spectra epochs (JD-2450000): 51 = 4510.0, S2 = 4511.0 , 53 = 4645.0, 54 = 4646.0, S5 = 4647.0, 56 = 4747.0, S1 = 4820.0, 58 = 4821.0 



Table 3: General information on the rejected candidates, for which fading events were observed. 



EROS-2 star 


Coordinates (/2000) 


Classification 


Other identifier 


Information 


identifier 


from 2MASS 









05:07:56.45 -70:34:53.7 
04:55:15.75 -70:17:42.14 
05:02:17.16 -68:24:05.75 
05:27:12.62 -67:35:07.42 
05:48:22.32 -67:58:53.23 

00:44:54.0 2 -73:15:30.02 

Spectra epochs (JD-2450000): 



lm0127n-6759 53+5V 

lm0174m-8630 54+57 

lm03371-17621 54+5V 

lm02311-24809 57 

smOlOln-16084 58 



WolfRayet 
AO supergiant 
RVa Tau (R Set type)? 
RVa Tau (R Set type)? 
Planetary nebula 
RVa Tau (R Set type)? 



MACHO-9.4391.25 

MACHO-41.2336.11 

MACHO-19.3577.6 



MACHO-68. 11085.71 
MACHO-212.15620.713 
4820.07^ 



Amag -2.0 
Amag -0.7 

Amag ~1.0, Strong TiO bands observed 
Amag ~1.5, Strong TiO bands observed 
Amag -1.0 

Amag ~1.5, Strong TiO bands observed 



4510.0,^=4645.0 



: 4646.0. 



: 4821.0 



carbon dust clouds. See lFeasl (Il997l) for a more precise discus- Note that the 2 new RCB star candidates EROS2-LMC- 
sion. RCB-7 and -SMC-RCB-4 have a high infra-red excess (J - K > 

2) certainly due to circumstellar dust extinction. 



As indicated in TO 8, we note also a clear separation between 
the DYPers (confirmed and candidate) and RCB stars. The first 
occupy the area where classical carbon stars are found. 
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Figure 2: Spatial distribution of all known and new Magellanic RCBs and DYPers (confirmed and candidates). The 98 Magellanic 
EROS-2 ~1 deg 2 fields are represented with their respective numbers. 



5.3. Mid-infrared properties 

RCB stars are known to ha ve a dust shell made of amorphous 
carbon grains (lHechtlll99ll) and recently, dire ct observations of 
this shell were made by lClayton et al.l (|2007a) for 4 RCBs using 
the Spitzer MIPS camera at 24, 70 and 160 microns. Studies of 
these circumstellar envelopes should help us to understand better 
the preceding stages of RCB stars. Here we present and discuss 



RCB and DYPer star's mid-infrared broadband magnitudes cen- 
tred at 3.6, 4.5,5.8, 8 .0 and 24.0 /mi obt ained by the LMC S AGE 
dMeixner et al.ll2006h and SMC S 3 MC dBolatto et alJl2007h sur- 
veys, using the Spitzer IRAC and MIPS cameras. We list in 
Table[6]the magnitudes obtained for all known and newly discov- 
ered Magellanic RCB and DYPer stars. If more than one epoch 
were available, we averaged them. We also included magnitudes 
of 3 galactic RCBs found in T08 and detected by the Spitzer 
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[3.6] - [8.0] [8.0] - [24.0] 

Figure 4: Top-left: J - H versus H - K colour diagram. The line on the right side represents the reddening vector from 
Rieke & Lebofskvl dl985b and the dotted curve corresponds to the combination of blackbodies consisting of a 5500 K star and 
a 1000 K dust shell in various proportions ranging from all 'star' to all 'shell' (from lFea~stl 1 19971). Also shown are the expected 
positions (lines in the bottom-left) for common dwarf (green) and giant (black) stars from lBessell & Brettl (Il988|) . All known and 
newly discovered RCBs and DYPers are represented. Their symbols are identical in all four diagrams: RCBs are represented with 
filled symbols and DYPers with open ones. DYPer stars are delimited by a dashed ellipse in the colour-colour near-infrared di- 
agram, which a lso encloses the area occupied by most ordinary carbon-rich stars. Th e black stars are the 31 confirmed Galactic 
RCBs listed bv lClavtonl (Il996h plus ES Aql and V2552 Oph dHesselbach et al.ll2QQ3h . The solid lines in both left side diagrams 
delimit the selection zones in the 2MASS and Spitzer- SAGE or S 3 MC databases where EROS-2 objects light curves were visually 
inspected (see Section |4]). The contours in the three mid-infrared colour magnitude diagrams re present the distribu tion envelopes 
of "Extreme- AGB" stars (dashed lines) and carbon rich "C-stars" (dotted lines) estimated from lBlum et al.l |2006, fig.4, 5 & 6). 
The 2MASS J mag nitud e in the top-right diagram was corrected for extinction during fading events and interstellar extinction (as 
explained in Section \5A\i . The Spitzer magnitudes M[g.o] and M[24.o] are absolute magnitudes; we used distance moduli of 18.5, 18.9 
and 14.4 for the LMC, SMC and Galactic center (GC) respectively. 
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Table 4: Near-IR photometry. 



Name 


JD Epoch 2MASS 


^2MASS 


#2MASS 


^2MASS 


JD Epoch DENIS 


^DENIS 


^DENIS 


^DENIS 


RCB stars 


EROS2-LMC-RCB- 1 


2451112.7481° 


12.796 


12.181 


11.475 


2450366.85661* 


16.980 


15.211 


12.445 


EROS2-LMC-RCB-2 


2451112.7289 v 


14.558 


13.831 


12.999 


2450438.67682° 


13.219 


12.619 


11.741 


e,KUoz-LML-KLdO 


Z4 j 1111. /o/J 


1 < one 


1/1 /IQ1 

14.4^1 


13. jo / 


Z4jU4yz.oU4Zo 


1 j. LOy 


IZ.OJ / 


1 1 CM.Q 


EROS2-LMC-RCB-4 


2451 151. 6263 A 


14.583 


13.314 


11.906 


2451497.78554* 






13.593 


EROS2-LMC-RCB-5 


2451151.7192 A 


13.438 


12.883 


12.198 


2450510.59451° 


13.253 


12.708 


11.968 


EROS2-LMC-RCB-6 


2451151.7527* 


18.313 


15.422 


13.286 


2451133.78876* 






12.984 












2451135.818206* 






13.396 












2451134.826748* 






13.292 


EROS2-LMC-RCB-7 


2451583.6023* 


16.881 


14.195 


12.021 


2450103.598553* 






12.393 












2450417.691493* 






12.008 


EROS2-LMC-RCB-8 


2451149.7282 A 


13.826 


12.250 


10.957 


2450492.610428 A 


17.167 


14.200 


10.764 












2450413.754525 A 


16.828 


14.270 


10.927 


EROS2-SMC-RCB-4 


2451034.7855 A 


14.345 


12.899 


11.580 


2451127.59750 A 


17.278 


14.813 


11.974 


DYPer stars 


EROS2-LMC-DYPer- 1 


2451111.7728* 


13.851 


12.535 


11.389 


2450413.67902° 


13.365 


11.503 


9.793 


EROS2-LMC-DYPer-2 


2451155.7431° 


11.985 


10.864 


10.278 


2451148.82308° 


13.705 


11.933 


10.182 


EROS2-LMC-DYPer-3 


2451157.7545 A 


13.461 


12.001 


11.104 


24501 19.56135 7 


14.374 


12.537 


10.579 


EROS2-LMC-DYPer-4 


2451583.6045 v 


12.745 


11.583 


10.967 


2450417.74903° 


14.122 


12.292 


10.552 


EROS2-LMC-DYPer-5 


2451151.6726° 


12.274 


11.325 


10.826 


2451127.82639° 


13.800 


12.172 


10.748 












2450416.79795° 


14.015 


12.414 


10.703 


EROS2-LMC-DYPer-6 


2451 625.527 1 A 


13.232 


12.141 


11.527 


2450439.734606° 


14.922 


13.255 


11.525 


EROS2-LMC-DYPer-7 


2451167.7629° 


12.299 


11.236 


10.814 


2450386.81200° 


13.879 


12.313 


10.754 


EROS2-LMC-DYPer-8 


2450891.5653° 


12.128 


10.865 


10.158 


2450516.55506 A 


14.354 


12.240 


10.229 












2451497.78409° 


13.825 


11.895 


10.068 


EROS2-LMC-DYPer-9 


2451111.7589° 


12.949 


11.987 


11.618 


2451140.73852° 


14.506 


12.991 


11.553 












2450509.53213° 


14.727 


13.043 


11.719 


ER0S2-LMC-DYPer- 1 


2451112.8178° 


12.582 


11.580 


11.169 










ER0S2-LMC-DYPer-ll 


2451625.5278° 


11.758 


10.560 


9.913 


2450439.736076* 


14.366 


12.286 


10.186 


ER0S2-LMC-DYPer- 1 2 


2451625.5253° 


12.290 


11.046 


10.318 


2450439.73 1169 A 


14.865 


12.626 


10.373 












2450417.691493 A 






12.008 


EROS2-LMC-DYPer-13 


2451167.7606° 


13.689 


12.571 


12.001 


2450386.816690° 


15.212 


13.653 


12.112 












2450412.719178° 


15.348 


13.607 


12.120 


ER0S2-LMC-DYPer- 14 


2451583.6101* 


13.704 


12.281 


11.421 


2450417.748032° 


14.218 


12.365 


10.379 












2450509.585324° 


13.864 


12.068 


10.250 


EROS2-LMC-DYPer-15 


2451 602.5509 A 


12.565 


11.537 


11.026 


2450440.624398° 


14.085 


12.481 


10.991 


ER0S2-LMC-DYPer- 1 6 


2451580.5851 A 


13.280 


12.235 


11.815 


2450419.724514° 


14.381 


12.563 


11.212 












2450503.596481° 


14.288 


12.677 


11.298 


ER0S2-LMC-DYPer- 1 7 


2451580.5877 A 


13.000 


11.853 


11.183 


2450503.591030* 


14.703 


12.949 


11.213 












2450419.719317° 


14.259 


12.405 


10.758 


EROS2-SMC-DYPer-3 


2451034.7496° 


13.139 


12.066 


11.528 


2450432.56433* 


17.011 


15.242 


12.791 












2450431.571458* 


17.247 


15.025 


13.195 


EROS2-SMC-DYPer-4 


2451107.5892° 


13.253 


12.166 


11.598 


2450433.56201° 


14.830 


12.977 


11.314 


EROS2-SMC-DYPer-5 


2451034.7209* 


13.412 


12.261 


11.613 


2451039.799132* 


15.011 


13.524 


11.579 


EROS2-SMC-DYPer-6 


2451034.71 11 A 


13.236 


11.974 


11.290 


2451048.775845 A 


15.453 


13.222 


11.216 












2450418.552407 A 


15.872 


13.305 


11.285 



*: during a faint phase, O: during a bright phase, V and A: during a dimming or recovering phase, ?: phase unknown. 



galactic survey GLIMPSE II; and, if availa ble, the MSX A- 
band (8.3 jum) magnitudes (lEgan et al.ll2003l) (magnitude limit: 
An m -7.5). These last magnitudes all agree within 0.1 mag with 
the [8.0] Spitzer magnitudes. 

In the mid-infrared colour magnitude diagrams of Figure |U 
we can observe a clear separation between RCBs and DYPers. 
DYPers have magnitudes generally bluer and fainter than RCB 
ones, and therefore have warmer shells. RCB's shells are very 
bright at 8.0 and 24 jim. Two interesting conclusions can be 
drawn when one compare the position of RCB and DYPer stars 
in these diagrams to that of othe r set of known sta rs. We used 
figures 4, 5 and 6 presented by Blu m et afl d2006) for such a 
comparison. It appears first, that in a [8.0] vs. [3.6] - [8.0] 
diagram, RCB stars are located in a rather unpopulated area 
(-10.2 < M [8 . ] < -11.8 and 2 < [3.6] - [8.0] < 4). This 



fact could greatly simplify the search for RCB stars in the future. 
Their position indicates that their circumstellar shells are thinner, 
than th e so-called "extreme AGB" stars presented in lBlum et al.l 
( 2006) (these stars were selected on the basis of their extreme 
red / - [3.6] colour indicating a dusty circumstellar envelope; 
they are either C- or M-stars). We note that this property may be 
explained by a clumpy model for RCB shell formation. Second, 
the DYPer positions correspond to those of the "C-stars" (clas- 
sical carbon-rich stars selected from the 2MASS catalogue by 
ICioni et aTl ([2006)). As in the optical and near-infrared, we don't 
observe major differences in mid-infrared broadband photome- 
try between classical carbon stars and DYPers. Nevertheless, in 
the diagrams of [8.0] vs. [3.6] - [8.0] and / - [8.0], we note 
that DYPer stars are distributed preferentially in the brighter part 
of the "C-stars" sequence and at the beginning of the "extreme 
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Table 5: Properties of the new Magellanic RCB and DYPer stars, including derived absolute magnitudes and intrinsic colours. 



Name 


1J C 


^■E,max 


(dR E /dt) max 


Drop AR E 


Be, max 


(dB E /dt) max 


Drop AB E 


My 


(V-/) 








mag. day' 1 






mag. day' 1 








RCB stars 


EROS2-LMC-RCB - 1 


None 


13.71 


0.039 


5.37 


14.36 


0.033 


4.57 


-4.21 


0.81 


EROS2-LMC-RCB -2 


None 


13.38 


0.004 + 0.071 


3.88 


13.93 ! 


3.005 + 0.060 


3.28 


-4.69 


0.66 


EROS2-LMC-RCB-3 


None 


13.27 


0.027 


4.65 


13.84 


0.028 


4.78 


-4.78 


0.69 


EROS2-LMC-RCB-4 


None 


14.39* 


0.028 


> 7.40 


15.57* 


0.026 


>7.00 


-2.65* 


1.69* 


EROS2-LMC-RCB-5 


None 


13.23 


0.047 


4.06 


13.89 


0.042 


5.50 


-4.67 


0.83 


EROS2-LMC-RCB-6 




15.58* 


0.038 


> 5.60 


16.86* 


0.040 


> 5.20 


-1.29* 


1.86* 


EROS2-LMC-RCB-7 




nd 


nd 


nd 


nd 


nd 


nd 


nd 


nd 


EROS2-LMC-RCB-8 




15.90* 


0.026 


4.10 


17.95* 


0.031 


> 4.10 


0.82* 


3.42* 


EROS2-SMC-RCB-4 




18.05* 


0.037 


2.75 


19.61* 


0.035 


2.00 


1.58* 


2.51* 


DYPer stars 


EROS2-LMC-DYPer-l 


Strong 


13.60 


0.009 


2.98 


15.20 


0.009 


3.10 


-2.73 


2.40 


EROS2-LMC-DYPer-2 


Strong 


13.69 


nd 


> 0.50 


15.18 


0.016 


2.00 


-2.83 


2.21 


EROS2-LMC-DYPer-3 


Weak 


14.37 


0.014 


3.61 


15.73 


0.014 


3.51 


-2.36 


2.00 


EROS2-LMC-DYPer-4 


Weak 


14.09 


0.009 


1.97 


15.32 


0.009 


1.94 


-2.85 


1.79 


EROS2-LMC-DYPer-5 


Weak 


14.16 


0.016 


1.94 


15.46 


0.018 


2.22 


-2.67 


1.91 


EROS2-LMC-DYPer-6 


Strong 


14.73 


0.013 


1.67 


16.21 


0.018 


2.19 


-1.30 


2.47 


EROS2-LMC-DYPer-7 


None 


13.96 


0.012 


1.37 


15.28 


0.012 


1.59 


-2.84 


1.93 


EROS2-LMC-DYPer-8 




14.07 


nd 


> 1.18 


15.60 


nd 


> 1.48 


-2.38 


2.28 


EROS2-LMC-DYPer-9 


None 


14.66 


0.003 


0.48 


15.98 


0.003 


0.55 


-2.15 


1.92 


EROS2-LMC-DYPer-10 


Strong 


14.26 


0.005 


0.48 


15.62 


0.007 


0.59 


-2.48 


1.98 


EROS2-LMC-DYPer-ll 


Weak 


13.50 


nd 


> 1.20 


14.95 


nd 


> 1.45 


-2.58 


2.42 


EROS2-LMC-DYPer-12 


Strong 


14.20 


nd 


> 0.84 


15.95 


nd 


> 1.04 


-1.38 


2.92 


EROS2-LMC-DYPer- 1 3 




15.34 


0.005 


0.48 


16.63 


0.006 


0.52 


-1.01 


2.15 


EROS2-LMC-DYPer- 14 


Weak 


14.14 


0.008 


1.70 


15.87 


0.009 


1.80 


-1.48 


2.88 


EROS2-LMC-DYPer- 1 5 


None 


14.12 


0.008 


0.83 


15.38 


0.009 


1.00 


-2.28 


2.10 


EROS2-LMC-DYPer- 1 6 


Weak 


14.51 


0.003 


0.88 


15.73 


0.004 


0.99 


-1.96 


2.03 


EROS2-LMC-DYPer-17 


Strong 


14.24 


0.008 


1.08 


15.87 


0.010 


1.36 


-1.54 


2.72 


EROS2-SMC-DYPer-3 


Strong 


14.61 


0.018 


2.50 


15.89 


0.019 


2.66 


-2.32 


2.04 


EROS2-SMC-DYPer-4 


Weak 


14.84 


0.003 


> 1.85 


16.38 


0.004 


2.88 


-1.65 


2.48 


EROS2-SMC-DYPer-5 




14.38 


0.006 


0.92 


15.76 


0.007 


1.30 


-2.22 


2.30 


EROS2-SMC-DYPer-6 




14.83 


nd 


> 1.22 


16.20 


nd 


> 1.96 


-1.79 


2.28 



nd = not detected; * = not confident that real maximum magnitude reached during EROS-2 observations; 



... = either no spectrum obtained or spectrum with too low signal-to-noise. 



AGB" one. This seems to indicate an early mass loss phase. 
This last remark is also supported by the observed correlation 
between [8.0] magnitudes and the maximum drop detected in 
optical Re band (see Figure 0. 

We note that the warm RCB star W-Men (T eff -7000 K, 
GoldsmithetaD £l990)) has an [8.0] magnitude about 2 mag. 
lower than classical RCBs, but an identical [3.6] - [8.0] colour. 
Its shell should therefore be much thinner. We observe the same 
properties for the RCB candidate KDM-5651. We find also that 
the shell properties of the 3 new RCB candidates correspond to 
those of confirmed RCB stars, as they share the same positions 
in the 3 mid-infrared colour magnitude diagrams presented. This 
re-enforces our assignment of these stars as RCB stars. We note 
also that the only mid-infrared measurement for the RCB candi- 
date MSX-SMC-014 comes from MSX A-band, which shows a 
shell as bright as EROS2-LMC-RCB-7 and MACHO-6.6575.13. 

5.4. Spectral energy distributions 

Figure [6] shows the spectral energy distributions (SEDs) from 
optical to mid-infrared of RCBs and DYPers (confirmed or can- 
didate) where a complete set of magnitudes are available (i.e. 
maximum magnitudes B E and Re observed in EROS-2 light 
curves, 2MASS JHK magnitudes and Spitzer magnitudes from 
IRAC and MIPS camera). The optical and near-infrared mag- 
nitudes were corrected for interstellar extinction using average 



Magellanic values as mentioned in Section 15.11 We also cor- 
rected the 2MASS JHK magnitudes for carbon dust extinction, 
if the epochs corresponded to a fading phase observed in the 
EROS-2 optical light curves. We used for such corrections the 
AR E magnitude variation observed at that epoch and the absorp- 
tion coefficien ts of pure amorphous carbon dust presented by 
iGroenewegenl (1 19951 fig. 2) (note that the DYPer dust may not be 
made of amorphous carbon as observed in RCB stars). 

We can clearly see from Figure[6|that most RCB stars' SEDs 
appear to be made of two distinct blackbodies, one from the 
stellar component and the other from the circumstellar shell. 
We can estimate that shell temperatures range between 360 and 
600 K, which are co oler than previous estimates obtained by 
iFeast & Glasi dl973b using Galactic RCBs (800 - 1000 K). We 
observe almost no sign of a cool blackbody in the SED of two 
stars: the warm RCB W-Men and the RCB candidate KDM 
5651. 

The SEDs of DYPers are essentially identical: only one peak 
is observable, the stellar and the shell blackbody components 
being mixed. They all have a maximum intensity at wavelength 
&max ~1.7 A/ m, which is also foun d in the SEDs of classical car- 
bon stars by IGroenewegenl (1 1 995l) : his fitted models of ordinary 
carbon stars favour a stellar component with T e ff -2000 - 2500 
K and a circumstellar shell with T e ff -800 - 1500 K (hotter than 
that of RCBs). 
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Table 6: Spitzer -SAGE, -S 3 MC, GLIMPSE II magnitudes and MSX A-band (8.3yum) magnitudes for RCB and DYPer stars. 



Name 


Mag[3.6] 


Mag[4.5] 


Mag[5.8] 


Mag[8.0] 


Mag[24.0] 


SAGE epoch 
IRAC / MIPS 


MSX A-band 
(8.3/im) 


RCB stars 


EROS2-LMC-RCB - 1 


10.256 


9.548 


8.857 


8.054 


6.888 


1/1+2 




EROS2-LMC-RCB-2 


11.090 


10.149 


9.033 


7.821 


6.498 


1/1+2 




EROS2-LMC-RCB-3 


10.398 


9.328 


8.307 


7.278 


6.319 


1/1+2 




EROS2-LMC-RCB-4 


9.662 


8.958 


8.372 


7.661 


6.327 


1/1+2 


7.70 


EROS2-LMC-RCB-5 


nd 


nd 


nd 


nd 


nd 






EROS2-LMC-RCB-6 


nd 


nd 


nd 


nd 


nd 






EROS2-LMC-RCB-7 


9.850 


8.739 


7.787 


6.823 


4.317 


2/1 


6.81 


EROS2-LMC-RCB-8 


nd 


nd 


nd 


nd 


6.836 


/2 


7.38 


EROS2-SMC-RCB-1 


nd 


nd 


nd 


nd 


nd 




8.44 


EROS2-SMC-RCB-2 


nd 


nd 


nd 


nd 


6.840 






EROS2-SMC-RCB-3 


9.611 


8.612 


7.770 


7.199 


5.914 




7.13 


EROS2-SMC-RCB-4 


11.010 


9.494 


8.356 


7.273 


5.679 






HV-5637 


11.326 


10.363 


9.316 


8.193 


7.044 


1/1+2 




W-Men 


11.847 


11.155 


10.489 


9.630 


8.556 


1/1+2 




HV-12842 


nd 


nd 


nd 


nd 


nd 






MACHO- 11.8632.2507 


9.967 


8.880 


7.971 


6.966 


4.352 


1/1+2 


7.15 


MACHO-81. 8394. 1358 


10.245 


9.586 


8.936 


8.266 


7.384 


1 / 1+2 




MACHO-6.6575.13 


10.005 


8.975 


7.964 


6.902 


4.966 


1/1+2 


6.74 


MACHO-6.6696.60 


9.830 


9.019 


8.236 


7.376 


5.955 


1/1+2 


7.27 


MACHO-12.10803.56 


10.250 


9.541 


8.859 


8.151 


7.461 


1/1+2 




MACHO-16.5641.22 


9.700 


8.830 


8.062 


7.300 


6.455 


1/1+2 




MACHO-18.3325.148 


10.358 


9.226 


8.221 


7.311 


6.196 


1/1+2 




MACHO-79.5743.15 


9.432 


8.779 


8.134 


7.482 


6.590 


1/1+2 




MACHO-80.6956.207 


10.216 


9.357 


8.686 


7.931 


7.159 


1/1+2 




MACHO-80.7559.28 


9.489 


8.802 


8.126 


7.519 


6.514 


1/1+2 




KDM-5651 a 


11.876 


11.410 


10.704 


9.911 


8.662 


1/1+2 




MSX-SMC-014 


nd 


nd 


nd 


nd 


nd 




6.83 


EROS2-CG-RCB- 1 


5.388 


4.645 


3.765 


nd 


nd 






EROS2-CG-RCB-8 


7.019 


6.310 


5.281 


4.519 


nd 






DYPer stars 


EROS2-LMC-DYPer-l 


9.436 


9.478 


9.359 


8.773 


8.574 


1/1+2 




EROS2-LMC-DYPer-2 


nd 


nd 


nd 


nd 


nd 






EROS2-LMC-DYPer-3 


9.654 


9.322 


8.955 


8.484 


8.312 


1/2 




EROS2-LMC-DYPer-4 


9.809 


9.622 


9.304 


8.794 


8.152 


1/1+2 




EROS2-LMC-DYPer-5 


10.232 


10.242 


10.037 


nd 


nd 


1/ 




EROS2-LMC-DYPer-6 


10.882 


10.998 


10.910 


10.406 


nd 


1/ 




EROS2-LMC-DYPer-7 


10.569 


10.552 


10.334 


10.082 


9.775 


1/1+2 




EROS2-LMC-DYPer-8 


9.381 


9.506 


9.395 


8.863 


8.768 


1/1+2 




EROS2-LMC-DYPer-9 


11.172 


11.293 


11.103 


10.849 


nd 


1/ 




EROS2-LMC-DYPer-10 


nd 


nd 


nd 


nd 


9.854 


/1+2 




EROS2-LMC-DYPer- 1 1 


9.334 


9.281 


9.165 


8.692 


8.475 


1+2/1+2 




EROS2-LMC-DYPer-12 


9.325 


9.327 


9.169 


8.667 


8.638 


1+2/1+2 




EROS2-LMC-DYPer-13 


11.288 


11.272 


11.099 


10.660 


nd 


2/ 




EROS2-LMC-DYPer-14 


9.690 


9.682 


9.572 


9.011 


7.993 


2/1+2 




EROS2-LMC-DYPer-15 


10.516 


10.724 


10.608 


10.167 


9.680 


2/1 




EROS2-LMC-DYPer-16 


10.965 


11.004 


10.798 


10.538 


nd 


2/ 




EROS2-LMC-DYPer-17 


10.380 


10.448 


10.193 


9.485 


8.440 


2/1 




EROS2-SMC-DYPer-l 


10.236 


10.022 


9.600 


9.225 


9.531 






EROS2-SMC-DYPer-2 


nd 


nd 


nd 


nd 


nd 






EROS2-SMC-DYPer-3 


11.473 


10.994 


10.502 


10.190 


10.346 






EROS2-SMC-DYPer-4 


nd 


nd 


nd 


nd 


nd 






EROS2-SMC-DYPer-5 


10.62 


10.60 


10.20 


9.83 


10.06 






EROS2-SMC-DYPer-6 


9.97 


9.66 


9.19 


8.96 


9.10 






MACHO-2.5871.1759 


9.663 


9.775 


9.637 


9.259 


8.920 


1/1+2 




MACHO-10.3800.35 


9.292 


9.318 


9.177 


8.598 


8.258 


1/1+2 




MACHO-15.10675.10 


9.472 


9.454 


9.213 


8.847 


9.057 


1/1+2 




MACHO-78.6460.7 


9.155 


9.279 


9.194 


8.612 


8.500 


1/1+2 




EROS2-CG-RCB-2 


8.167 


7.893 


7.667 


7.367 


nd 







nd = not detected f RCB candidate from Morgan et al. (2003) 
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Figure 3: Absolute magnitude at maximum, My, vs. V - I\ full 
symbols represent RCB stars, open symbols the DYPers. The 
10LMC RCBs, plus 4 DY Per-like RCBs, from lAlcock et al] 
(1200 lh are indicate d with blue squares. 2 SMC RCBs, plus 2 
SMC DYPers, from Tisserand et al. I d2004l) are shown with green 
triangles. The new confirmed RCBs and DYPers are indicated 
with red stars, and the candidate DYPers with purple diamonds. 
All data are from the EROS-2 photometry. All magnitudes have 
been corrected for their respective interstellar extinctions. The 
vectors represent the reddening correction directions due to the 
interstellar medium (I) and a carbon shell (C). Dashed lines and 
contours are described in the text. 



5.5. Discussion of individual stars 

EROS2-LMC-RCB- 1 , -2, -3 and -5 are confirmed RCBs with 
temperatures in the T -6000 K range as determined from their 
V - I colour indices . All four are catalogued as carbon star in 
iKontizas et ai1(l200ll) . We suspect that EROS2-LMC-RCB-1 has 
not been catalogued in the MACHO database, as the only objects 
found around EROS2-LMC-RCB-l's position have light curves 
with photometry influenced by a bright neighbour, and varia- 
tions occurring during those of EROS2-LMC-RCB-1. We point 
out the atypical lightcurves of EROS2-LMC-RCB-2 (proposed 
as an RCB candidate by iMorgan et all (120031) ) and EROS2- 
LMC-RCB-5. EROS2-LMC-RCB-2 has two fading phases (see 
Fig. [9]), which is unusual for RCB type stars: a first slow fad- 
ing (-0.004 mag. day -1 ) followed by a fast one (-0.070 mag. 
day -1 ). Its recovery phase is symmetric to the first fading event. 
EROS2-LMC-RCB-5 shows an overall remarkably slow and lin- 
ear recovery phase (-0.002 mag. day -1 ) that lasted for more than 
3.5 years. Such recoveries are usually observed in DY Per type 
of stars. 

EROS2-LMC-RCB-4 and -6 seem to have lower tempera- 
tures than the first four RCBs. From the strength of the Ca II 
triplet absorption lines, EROS2-LMC-RCB-4 is cooler than the 
four -6000 K RCBs and therefore its temperature is more likely 
to be in the 5000 K range. We are not sure that their real maxi- 
mum optical brightness was reached during the EROS-2 obser- 
vations, as it lasts less than 50 days in both cases. EROS2-LMC- 
RCB-4 and -6 are highly active RCBs as their respective EROS-2 



Figure 5: Spitzer absolute magnitude M[g.o] versus the maximum 
drop in optical R E magnitude observed in LMC DYPer light 
curves (confirmed and candidates). 

and MACHO light curves show. EROS2-LMC-RCB-4 was faint 
during February 2008, but bright enough during October to ob- 
tain a spectrum which shows strong carbon features. EROS2- 
LMC-RCB-6 remained too faint during all of 2008, and we did 
not get any spectrum for it. We nevertheless consider EROS2- 
LMC-RCB-6 as a strong RCB star, due to the distinct signature 
of RCB-type drops observed in its light curve. 

EROS2-LMC-RCB-7, -8 and EROS2-SMC-RCB-4 are only 
considered as RCB candidates. We did not obtain any spectrum 
for these stars as they remained too faint during 2008: 

- EROS2-SMC-RCB-4 has a bright shell, with magnitudes 
and colours expected for RCB stars, as seen on Figure HI Its 
EROS-2 light curve presents small variations but with a fast 
fading rate. We consider EROS2-SMC-RCB-4 as a strong 
RCB candidate. 

- EROS2-LMC-RCB-7 presents a unique variation of - 1 mag. 
in the EROS-2 red band, and remained stable during all 
MACHO observations. It is therefore a weak RCB candi- 
date, but we decided to keep this star in the RCB candidate 
list for three reasons. First, EROS2-LMC-RCB-7 has known 
a brighter phase in the past : it has been catalogued as a 
very blue object (B - V - -0.4) in the YB6 USNO cata- 
logue with magnitudes 2.5 mag. brighter than the EROS-2 
ones (Bus no ~ 17.22 and Vusno ~ 17.64). We note that 
its EROS-2 colour is also relatively blue (V - I - 1.0), 
but became redder during the variation observed. This may 
be due to a blending effect; the better astrometric reso- 
lution of OGLE- 3 should help to answer this ambiguity. 
Second, EROS2-LMC-RCB-7 has a thick and cold circum- 
stellar shell, similar to the one of the hot RCB star HV 
267 1 ; they have almost identical [24] Spitzer magnitudes and 
[8.0] -[24] colours. The infra-red observations indicate also a 
very high extinction phase (with J-H -2.7 and H-K -2.0). 
We no te that EROS 2-LMC-RCB-7 was classified as a OH/IR 
star in lEgan et aD (l200l|) due to its large K - A colour (the 
largest value of all the sample analysed). Finally, we did not 
find any other object in our catalogue analysis with a light 
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curve similar to EROS2-LMC-RCB-7, which makes it really 
peculiar. There should exist RCB stars that remain hidden 
during a long phase of extinction. EROS2-LMC-RCB-7 may 
be such a star, a hot RCB star that undergoes actually an in- 
tense phase of dust production. 
- EROS2-LMC-RCB-8 presents unusually large oscillations 
for an RCB star, before its fading phase (drop of 4 mags 
and fast fading rate). The OGLE-3 EROS2-LMC-RCB-8's 
light curve will be really interesting to study. It will in- 
dicate if the large oscillations are due to intrinsic pulsa- 
tion of the star or some fading events. We note that sim- 
ilar large variations were also observed with EROS2-CG- 
RCB-12 dTisserand et al.ll2008h . but with shorter periods. If 
EROS2-LMC-RCB-8 is an RCB, it would be the coolest ever 
found, even cooler than EROS2-SMC-RCB-3. A spectrum 
is therefore needed to confirm its nature. If we suppose a 2 
magnitudes extinction correction of its maximum magnitude 
due to carbon dust, EROS2-LMC-RCB-8 would lie on a con- 
tinuation of line A in Figure[3]with V - 1 ~ 2.6 (i.e. T~3400 
K) and My ~ -2.3. Finally we note that EROS2-LMC-RCB- 
8's circumstellar bright shell has been observed only with the 
Spitzer MIPS camera and the MSX experiment; no IRAC 
magnitudes are currently available. 



All DYPers have carbon spectra and photometric broad- 
band magnitudes from optical to mid-infrared almost identical 
to those of classical carbon stars. One DYPer seems apart from 
the rest: EROS2-LMC-DYPer-l is the only DYPer that does not 
lie in the expected position of carbon stars in the colour-colour 
infrared diagram of Figure |U Even if its 2MASS measurements 
were taken during a fading phase, we expect this star to be -0.5 
mag bluer. Its circumstellar shell seems classical compared to a 
carbon star, but its SED (Fig.0 indicates a hotter stellar compo- 
nent. A blending effect may explain this observation. 

EROS2-LMC-DYPer-l to -7 are DYPers that we consider as 
confirmed, since they present a drop higher than 2 magnitudes 
(empirical limit). Only one drop is observed for each of them 
in the EROS-2 light curves. The remaining 14 DYPer candi- 
dates show less than 2 magnitudes drops in their EROS-2 and 
MACHO light curves. We note that in the case of 4 DYPer 
candidates, EROS2-LMC-DYPer-8, -11,-12, and EROS2-SMC- 
DYPer-6, we only observed an increase in brightness that may 
indicate a recovery phase from an ejection event. For EROS2- 
LMC-DYPer-8 and -11, a fading phase is observed in the 
MACHO light curve. It will be interesting to see how the two 
remaining stars behave during the OGLE-3 observations. 

We stress that the cool RCB star candidate, KDM-5651, has 
mid-infrared magnitudes corresponding to the warm RCB star 
W-Men. Its circumstellar shell is therefore as thin as W-Men's, 
which may explain the relatively small magnitude drops ob- 
served in its light curve and therefore the low level of ejection 
activity. At the other extreme, the other RCB candidate MSX- 
SMC-014 (KraemeritaDl2005|) has a bright circumstellar shell, 
as bright as EROS2-SMC-RCB-7's, which in that case indicates 
strong ejection activity. Its OGLE-3 light curve shows multiple 
variations. 

Finally, we note that EROS-SMC-RCB-3 (alias EROS2- 
sm0067m281 34, MSX-SMC - 0155) is not a DY Per type star as 
mentioned by iKraemer et al.l d2005). It is a very cool RCB star 
that presents a fast fading rate and a bright, cool circumstellar 
shell typical of RCB stars. 



6. Summary 

Our search for new RCB and DYPer stars in the EROS 
Magellanic database has resulted in the discovery of 6 new RCBs 
and 7 new DYPers. The total number of confirmed Magellanic 
RCB (DYPer) stars is therefore now 23 (13). We have also pre- 
sented a list of candidates for both types of stars: 3 RCB and 
14 DYPer candidates. We define candidates as stars with fading 
drops lower than 2 magnitudes. EROS-2 has contributed to the 
discovery of more than half of the currently known Magellanic 
RCB and DYPer stars. 

We note that the lMorgan et al.1 (120031) technique to find RCB 
stars, based on carbon spectra with weak CN bands, is conclu- 
sive. Four of the six stars presented are now considered as RCB 
stars and another one, KDM 5651, should be considered as a 
strong candidate. 

We confirm the lAlcock et al.l (120011) result on the difference 
in the 13 C isotope abundance in the atmospheres of RCB and 
DYPer stars. No trace was found in the RCB spectra, unlike 
those of DYPers which show a significant amount of 13 C in most 
cases. 

We stress that we observe strong similarities between the 
SEDs of DYPers and those of classical carbon stars, from optical 
to mid-infrared wavelengths. This suggests that they are ordinary 
carbon stars with ejection events. However, more spectroscopic 
observations and abundance analysis will be necessary to really 
answer this question. 

We observe an RCB absolute magnitude (My) range between 
— 5.2 and — 3.4, but note that the lower limit could be conser- 
vatively extended to My — 2.6. In a similar way, this last limit 
may also be extended to —2.3 if the star EROS2-LMC-RCB-8 
is confirmed as an RCB. A fainter absolute magnitude range is 
found for DYPers, between — 3 and — 1.8. 

We have compared the publicly available broadbands mid- 
infrared magnitudes of RCB and DYPer stars. We observe 
that most RCB stars have a brighter and cooler circumstel- 
lar shell than DYPer stars and we estimate a range of tem- 
perature for Magellanic RCB shells between 360 and 600 K, 
cooler than first estimates obtained with bright Galactic RCB 
stars (iFeast & Glassll 19731) . Finally, it appears that in the colour- 
magnitude diagram, M[g.o] vs [3.6] - [8.0], RCB stars are located 
in a rather unpopulated area. They seem to have thinner shells 
than most common AGB stars. This fact could greatly simplify 
the search for RCB stars in the future. 
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Figure 6: Spectral energy distributions from optical to mid-infrared of confirmed and candidate RCBs (top) and DYPers (bottom). 
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Figure 7: Charts of the new Magellanic RCB and DYPer stars, confirmed and candidates (2'x2'). North is up, East is to the left. 
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Figure 8: Charts continued. 
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Figure 9: Light curves of the new Magellanic RCB and DYPer stars (confirmed and candidates). The arrows represent our detection 
limits. The dashed vertical lines indicate the 2MASS epochs. For each group of three: top: B E -R E colour vs. time; middle: Re light 
curve; bottom: B E light curve. 
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Figure 10: Light curves of the new RCB and DYPer stars (continued). 
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Figure 1 1 : Light curves of the new RCB and DYPer stars (continued). 
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Figure 12: Light curves of the new RCB and DYPer stars (continued). 
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Figure 13: Light curves of the new RCB and DYPer stars (continued). 



